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HIGHLIGHTS 


•  An  advanced  PEMFC  system  test  bench  for  anode  side  studies  was  built. 

•  Anode  purge  gas  volume  and  composition  were  measured  accurately  and  reproducibly. 

•  Effect  of  cathode  inlet  gas  humidification  on  system  performance  was  studied. 

•  Mass  transport  resistance  in  GDL  was  found  to  cause  significant  voltage  polarization. 
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In  PEMFC  ( proton  exchange  membrane  fuel  cell )  systems  operating  in  dead-end  mode,  hydrogen  purges 
are  needed  to  remove  accumulated  inert  gases  and  liquid  water  from  the  anode  side  of  the  fuel  cell  stack. 
Hydrogen  purges  were  studied  using  different  humidity  levels,  purge  times,  and  purge  triggering  criteria. 
The  purged  gas  volume  and  composition  were  accurately  measured  with  fast  data  acquisition  and  an 
advanced  experimental  set-up.  The  experiments  were  done  with  constant  current  density  with  aim  of 
keeping  the  anode  gas  recirculation  rate  constant.  Fuel  utilization  per  pass  varied  as  the  hydrogen 
content  on  the  anode  side  changed.  This  study  demonstrates  how  the  optimized  purge  strategy  changes 
with  a  changing  humidity  level.  It  also  shows  that  high  fuel  efficiency  (>99%)  is  easily  reached  and  that 
with  optimized  purge  strategy  a  very  high  fuel  efficiency  (99.9%)  can  be  reached.  It  was  also  shown  that 
concentration  polarization  due  to  accumulation  of  inert  gases  on  the  anode  side  is  two  times  higher  than 
values  obtained  by  theoretical  calculations.  This  result  is  significant  for  purge  strategy  and  system  design. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Proton  exchange  membrane  fuel  cells  (PEMFCs)  are  an  attractive 
technology,  as  they  provide  zero  local  emissions,  high  efficiency 
and  quiet  operation.  PEMFC  technology  may  provide  solutions  both 
for  the  clean  transport  as  well  as  stationary  applications,  such  as 
grid  balancing.  PEMFC  technology  has,  however,  been  commer¬ 
cialized  only  in  a  limited  number  of  niche  applications.  Improve¬ 
ments  are  still  required  to  reduce  the  cost  and  to  increase  the 
durability  of  the  systems  so  that  mass  market  applications  can  be 
reached. 

The  design  and  operation  of  the  anode  subsystem,  as  other 
PEMFC  subsystems,  is  a  sum  of  many  compromises  between  fuel  cell 
system  cost,  complexity,  efficiency,  life-time,  and  response  time.  On 
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the  other  hand,  maximization  of  hydrogen  utilization  is  typically 
dominated  by  stack  design  and  system  control  optimization.  Finding 
energy-efficient  system  designs  to  minimize  both  energy  losses  due 
to  balance  of  plant  and  purged  hydrogen  is  a  challenging  task. 

A  common  anode  subsystem  structure  in  hydrogen  fueled 
PEMFC  systems  for  material  handling  application  and  for  automo¬ 
tive  applications  is  dead-end  operation  and  valve-controlled 
hydrogen  purge,  usually  combined  with  recirculation  of  the  anode 
gas  [1,2].  The  hydrogen  purge  serves  two  functions.  Firstly,  it 
removes  some  of  the  inert  gases  that  accumulate  in  the  anode  due  to 
permeable  membrane  and  consumption  of  impure  hydrogen  [3,4]. 
Secondly,  the  purge  removes  excess  water  that  has  accumulated  in 
the  anode.  Water  might  accumulate  in  the  anode,  even  when  dry 
hydrogen  is  used,  due  to  back-diffusion  from  the  cathode  [5[. 

While  the  accumulation  of  inert  gas  is  a  relatively  simple 
function  of  hydrogen  quality  and  membrane  permeability,  the 
accumulation  of  water  depends  on  the  stack  design  and  operation 
conditions  [2],  Water  accumulation  is  a  major  challenge  on  the 
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Nomenclature 

t 

time  (s) 

V 

volume  (dm3  @  NTP) 

GDL 

gas  diffusion  layer 

y 

hydrogen  mole  fraction  (-) 

LHV 

lower  heating  value  (kj/mol) 

PEMFC 

proton  exchange  membrane  fuel  cell 

Greek 

symbols 

NLPM 

liters  per  minute  of  gas  at  NTP 

V 

efficiency  (%) 

NTP 

normal  temperature  (0  °C)  and  pressure  (1.013  bar) 

A 

stoichiometric  ratio  (-) 

E 

voltage  (V) 

<Z>u2 

hydrogen  utilization  per  pass  (%) 

E° 

standard  voltage,  i.e.  reversible  open  circuit  voltage  at 

’/'h2o 

fraction  of  water  leaving  the  system  as  liquid  water 

standard  state  (V) 

through  the  anode  (%) 

F 

Faraday  constant  (96,485  C  mol-1) 

AHH2 

molar  enthalpy  change  in  hydrogen  combustion 

Subscripts 

G  mol-1) 

a 

after  a  purge 

I 

current  (A) 

an 

anode 

n 

amount  of  substance  (mol) 

b 

before  a  purge 

p 

pressure  (bar),  1  bar  =  105  Pa 

cat 

cathode 

Q 

volumetric  flow  rate  (NLPM),  1  NLPM  =  1.67  ■  10-5 

cool 

coolant 

m3  s-1 

f 

in  the  fresh  hydrogen  feed 

R 

universal  gas  constant  (8.314  J  I<  1  mol-1) 

in 

anode/cathode/coolant  inlet 

T 

temperature  (°C),  0  °C  =  273.15  I< 

out 

anode/cathode/coolant  outlet 

Tdew 

dew  point  temperature  (°C) 

p 

purge/in  the  purged  gas 

cathode  side,  and  there  are  numerous  studies  of  the  topic,  most  of 
which  are  included  in  Anderson’s  review  [6]. 

System  efficiency  optimization  as  a  function  of  purged  hydrogen 
and  fuel  quality  has  been  modeled  by  Ahluwalia  and  Wang  [1],  In 
their  study,  the  fuel  quality  and  the  membrane  thickness  deter¬ 
mining  the  nitrogen  flux  from  the  cathode  were  varied.  In  this 
optimization  study,  the  accumulation  of  liquid  water  was  neglec¬ 
ted,  even  if  it  is  known  to  be  a  significant  cause  of  inhomogeneity  in 
fuel  cell  stacks  [7], 

Recently,  Promislow  et  al.  modeled  the  optimum  bleed  rate  for 
anode  gas  [8],  While  the  work  of  Promislow  et  al.  points  out  many 
important  aspects,  such  as  the  time  scale  to  reach  the  steady  state 
nitrogen  level  and  the  importance  of  the  dilution  effect  of  anode 
nitrogen,  it  is  based  on  several  assumptions  that  are  difficult  to 
achieve  in  practical  systems.  As  the  authors  point  out,  uniform 
current  density  is  assumed  and  the  effects  of  water  management 
are  neglected. 

The  accumulation  of  nitrogen  and  water  and  their  effects 
have  been  studied  both  at  the  single  cell  [9—12]  and  the  stack  or 
system  level  [13—19].  Both  of  these  approaches  serve  a  certain 
purpose.  While  the  studies  that  use  a  single  cell  give  more  accurate 
results  for  flow  field  geometry,  the  studies  that  use  a  stack  bring 
out  the  problems  due  to  uneven  flow  distribution  between  the 
cells. 

While  many  of  these  studies  provide  valuable  information  for 
the  stack  design  and  for  system  design  and  operation,  data  is 
lacking  of  the  amount  of  hydrogen  purged  when  the  system  is 
operated  with  realistic  control  parameters.  The  amount  of  purged 
hydrogen  is  measured  by  Adegnon  et  al.  [15],  but  the  purge  time  is 
several  seconds,  while  in  practical  systems  it  is  a  fraction  of  a 
second.  It  is  also  important  to  quantify  how  much  of  the  water  is 
actually  removed  from  the  anode  channels  by  the  purge  in  different 
operating  conditions.  Only  the  study  by  Dehn  has  measured 
this  [2[. 

In  this  work,  development  of  a  novel  experimental  set-up 
enabling  measurement  of  both  the  purged  gas  volume  and  the 
hydrogen  content  of  the  purged  gas  in  a  dead-end  operated  system 
is  reported.  Purged  volume  and  fuel  utilization  were  experimen¬ 
tally  studied  using  different  purge  strategies  and  different  humidity 
levels  of  cathode  air.  Water  balance  for  the  system  operating  in 
constant  current  conditions  was  measured,  including  the  liquid 


water  leaving  the  system  through  the  anode  during  a  purge.  Con¬ 
centration  polarization  due  to  liquid  water  and  nitrogen  accumu¬ 
lation  was  measured  and  compared  to  theoretical  polarization  due 
to  simple  gas  dilution. 

2.  Experimental 

2.3.  Fuel  cell  system  test  bench 

The  PEMFC  system  test  bench  reported  in  a  previous  study  [13] 
was  modified  to  enable  accurate  recording  of  anode  side  system 
behavior  during  purges  and  also  to  enable  control  of  the  cathode 
humidity  level. 

A  high  data  sampling  rate  during  the  purge  was  enabled  using  a 
trigger  signal  from  the  PEMFC  control  system  just  before  the  con¬ 
trol  system  triggers  the  purge.  The  sampling  rate  during  anode 
purge  was  increased  from  2  Hz  to  50  Hz  not  more  than  1  s  prior  to 
opening  the  purge  valve  and  was  maintained  until  10  s  had  elapsed 
since  closing  the  purge  valve.  A  hydrogen  mass  flow  meter  (Alicat 
MS-500SLPM)  with  fast  response  time  (10  ms)  was  added  to  the 
fuel  inlet  line.  The  use  of  this  mass  flow  meter  enabled  accurate 
measurement  of  the  hydrogen  flow  rate  during  the  purge.  The 
hydrogen  concentration  sensor,  placed  in  the  slipstream  in  the 
previous  study  [13],  was  replaced  with  two  more  stable  hydrogen 
concentration  sensors  (Applied  Sensor  HPS-100),  which  were 
placed  at  the  inlet  and  outlet  of  the  anode  main  line. 

The  humidification  level  of  the  cathode  gas  was  controlled  by 
adding  a  by-pass  line,  enabling  only  a  fraction  of  the  inlet  air  to  flow 
through  the  humidifier.  The  by-passed  air  flow  rate  was  measured 
with  mass  flow  meter  (TSI  42350101). 

In  addition  to  these  changes  in  the  instrumentation,  the  aged 
commercial  Nedstack  P8  stack  used  in  the  previous  work  was 
replaced  with  a  latest  generation  Nedstack  P8  stack.  A  scheme  of 
the  experimental  set-up  is  shown  in  Fig.  1. 

2.2.  Test  procedure  and  test  matrix  for  purge  measurements 

The  measurements  were  made  using  a  constant  current  and 
constant  cathode  flow  rate  and  pressure,  as  the  cathode  was  not 
pressurized.  The  current  level  corresponded  to  a  high  efficiency  point 
(Eceitavg  =  660—690  mV)  and  the  air  stoichiometric  ratio  (Aair  =  2.5) 
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Fig.  1.  Scheme  of  the  system  test  bench.  DF:  de-ionization  filter,  F:  filter,  FM:  flow  meter,  H:  humidity  measurement,  HC:  hydrogen  concentration  measurement,  HE:  heat  exchanger, 
MH:  membrane  humidifier,  P:  pump/blower,  PR:  pressure  regulator,  SV:  solenoid  valve,  T:  temperature  measurement. 


was  close  to  optimum  from  the  system  efficiency  point  of  view.  The 
hydrogen  recirculation  rate  was  maintained  at  its  maximum  to 
enable  an  even  humidification  on  the  anode  side  even  under  dry 
conditions.  The  anode  inlet  overpressure  (pan.in  =  200  mbar)  was 
chosen  based  on  previous  experience  and  was  a  compromise  be¬ 
tween  durability,  fuel  efficiency,  and  the  ability  of  the  purge  gas 
to  remove  liquid  water.  The  operating  conditions  are  shown  in 
Table  1. 

Prior  to  conducting  the  measurements,  the  system  was  allowed 
to  stabilize,  i.e.  it  was  operated  until  the  hydrogen  mole  fractions  in 
the  anode  line  had  reached  a  pseudo-steady  state.  Once  the  system 
had  stabilized  10  consecutive  purge  cycles  were  recorded,  during 
which  the  liquid  water  leaving  system  through  purge  valve  was 
collected  and  measured.  The  length  of  one  purge  cycle  varied  be¬ 
tween  3  and  22  min,  depending  mainly  on  the  voltage  drop  allowed 
between  purges.  Using  the  humidity  measurements  and  the 
measured  amount  of  liquid  water  leaving  the  system  through  the 
anode  purge  valve,  the  total  amount  of  water  leaving  the  system 
could  be  determined  by  establishing  a  water  balance.  In  Fig.  2  one 
complete  measurement  is  presented  and  variations  of  the  param¬ 
eters  are  shown. 

The  measurement  routine  was  repeated  by  varying  (1 )  the  cell- 
average  voltage  drop  that  triggers  an  anode  purge  (AFp-igger  =  3,  6, 
9  mV),  (2)  the  cathode  inlet  dew  point  temperature  (Tdew,cat,in  =  52, 
55, 58  °C),  and  (3)  the  time  the  purge  valve  was  kept  open  (tp  =  200, 
400  ms). 

The  matrix  of  measurements  performed  in  this  work  is  shown  in 
Table  2.  Measurements  performed  in  high  humidity  conditions  and 


Table  1 

Measured  time  average  operating  conditions  and  parameters. 


Parameter 

Target 

Measured  time  average 

Jstack 

120  A 

119.9-120.0  A 

Qan.in  ' 

- 

107-113  NLPM 

Pan.in 

200  mbarg 

186—217  mbarg 

Pan. out 

- 

146—180  mbarg 

Fuel  quality 

- 

99.9%  H2  b,  <20  ppm  H20 

Qcat.in 

319  NLPM 

321-329  NLPM 

^02 

2.5 

2.52-2.58 

Pcat.in 

- 

75—84  mbarg 

Pcat.out 

- 

10—15  mbarg 

Tcool.in 

60-60.5  °C 

60.1-60.5  °C 

ATcool 

- 

2.8— 4.1  °C 

a  Total  anode  gas  flow  rate  including  recirculation. 

b  The  fuel  quality  was  determined  using  the  method  described  in  Karimaki 
et  al.  [13]. 
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Fig.  2.  Average  cell  voltage  (£Ceii,avg).  hydrogen  mole  fractions  (y),  dew  point  temper¬ 
atures  (Tdew),  and  pressures  (p)  during  one  complete  measurement.  The  cathode  inlet 
dew  point  temperature  is  Tdew,cat.in  =  52  °C,  the  purge  time  is  tp  =  400  ms,  and  the 
purge  triggering  criteria  is  A£trigger  =  3  mV. 
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Table  2 

Test  matrix  and  the  number  of  successfully  measured  consecutive  purge  cycles.  Three  data  sets  are  numbered  and  their  ordinals  are  shown  as  superscripts. 


l  AEtrigger  (mV) 

The  number  of  successfully  measured  consecutive  purge  cycles 

Tdew.cat,in  (°C)/tp  (ms) 

52/200 

55/200 

58/200 

52/400 

55/400 

58/400 

3 

6  W 

7  1 

7’ 

g  1.2 

9  1,3 

9  1 

6 

7  2,3 

0 

0 

8  2 

9  3 

0 

9 

7  2,3 

0 

0 

7  2 

9  3 

0 

long  purge  intervals  were  shown  to  be  challenging  because  of  un¬ 
stable  performance  of  the  stack  due  to  extensive  water  accumula¬ 
tion.  Reliable  data  from  these  measurements  was  not  acquired. 
Instead,  the  results  from  the  three  data  sets  numbered  in  Table  2  are 
addressed. 


2.3.  Analysis  of  purged  gas  volume  and  composition 

Analysis  of  the  purged  gas  volume  and  the  hydrogen  mole 
fraction  in  the  purged  gas  was  performed  using  the  measured  flow 
rate  profile  of  hydrogen  entering  the  anode  and  the  hydrogen 
concentration  in  the  anode  line  before  and  after  the  anode  purge. 

Fig.  3  shows  a  typical  hydrogen  flow  rate  (Q)  profile  and  anode 
inlet  hydrogen  mole  fraction  (y)  change  during  an  anode  purge.  As 
seen  from  the  figure,  there  is  a  time  lag  between  closing  the  purge 
valve  and  the  measured  maximum  flow  rate.  The  observed  time  lag 
is  due  to  the  opening  and  closing  times  of  the  valve,  which  result  in 
anode  gas  being  purged  after  giving  the  command  to  close  the 
purge  valve.  Furthermore,  the  hydrogen  flow  rate  profile  is  wider 
than  the  time  the  valve  is  kept  open.  This  is  explained  with  the 
principles  of  fluid  dynamics  in  that  a  flow  caused  by  a  pressure 
gradient  evens  out  the  pressure  gradient,  thus  resulting  in  a 
decreased  fluid  flow  rate. 

The  volume  of  fresh  hydrogen  entering  the  anode  during  a 
purge  is  calculated  by  numerically  integrating  the  hydrogen  flow 
rate  profile  over  time,  as  follows: 

V  =  J  Qfeeddf  (1) 

This  volume  equals  the  volume  of  anode  gas  purged  ( Vp)  and  can 
be  converted  into  moles  of  gas  purged  (np)  using  the  ideal  gas  law, 
as  follows: 


Fig.  3.  Hydrogen  flow  rate  (Q)  and  anode  inlet  hydrogen  mole  fraction  (yin)  during 
anode  purge.  The  cathode  inlet  dew  point  temperature  is  Tdew.cat,in  =  52  °C,  the  purge 
time  is  tp  =  400  ms,  and  the  purge  triggering  criteria  is  A£trigger  =  3  mV. 


np 


P-V p 
RT 


(2) 


The  purged  gas  is  a  mixture  of  hydrogen,  nitrogen,  and  water 
and  the  mole  fraction  of  hydrogen  (yp)  can  be  determined  by 
establishing  a  mole  balance  for  the  purge  process  by  using  Eqs.  (1 ) 
and  (2),  the  measured  hydrogen  mole  fractions  in  the  anode  line 
Ob, in.  ya,in.  yb.out.  ya,out).  and  the  mole  fraction  of  hydrogen  in  the 
feed  (yr),  as  follows: 


yP  =  yf--^'Oa-yb)  (3) 

nP 

in  Eq.  (3),  yt,  and  ya  are  the  average  hydrogen  mole  fractions  in 
the  anode  line  before  and  after  the  purge,  respectively.  They  are 
calculated  using  yb.in,  yb.out.  ya.in.  ya.out.  and  fractional  volumes  of 
anode  gas  at  inlet  and  outlet  concentrations.  The  fractional  volumes 
of  anode  gas  at  different  concentrations  were  determined  by 
measuring  the  anode  volume  as  described  by  Nikiforow  [20],  nan  in 
Eq.  (3),  represents  the  moles  of  gas  in  the  anode  line  and  is  calcu¬ 
lated  based  on  the  anode  line  volume,  temperature,  and  pressure 
using  the  ideal  gas  law  (Eq.  (2)).  Eq.  (3)  is  valid  when  it  can  be 
assumed  that  the  temperature  and  pressure  of  the  purged  gas  equal 
the  temperature  and  pressure  of  the  fresh  hydrogen  and  that  all 
compounds  in  the  anode  gas  behave  like  an  ideal  gas. 

When  losing  as  little  hydrogen  as  possible  during  an  anode 
purge,  yp  should  equal  yb.out-  hi  practice,  however,  this  is  seldom 
true  because  part  of  the  excess  fresh  hydrogen  entering  the  anode 
during  a  purge  and  mixing  with  the  recirculated  anode  gas  often 
makes  it  to  the  purge  valve  while  it  is  still  open.  In  this  case,  the 
purged  gas  can  be  thought  of  as  a  mixture  of  (1 )  fresh  hydrogen  and 
(2)  anode  outlet  gas,  and  the  fraction  of  fresh  hydrogen  (nf)  purged 
to  the  purged  gas  (np)  can  be  expressed  as  follows: 


rtf  _  yP  yb.out 

nP  ~  yf  -  yb.out 

Using  Eq.  (4),  the  amount  of  additional  hydrogen  compared  to 
yb.out  lost  during  a  purged  can  be  determined. 


3.  Experimental  results  and  discussion 

3.2.  Effect  of  humidity  level  on  purged  volume  and  gas  composition 

During  the  experiments,  the  humidity  level  used  was  found  to 
have  a  significant  effect  on  the  purged  gas  volume  and  composition. 
As  discussed  in  Section  2.2,  the  measurements  with  the  highest 
humidity  level  were  troublesome  to  perform.  Therefore,  only 
measurements  with  lowest  trigger  voltage  (3  mV)  are  used  in  this 
analysis. 

In  Table  3,  the  measured  time  average  reactant  dew  point  tem¬ 
peratures  in  both  stack  inlet  and  outlet,  as  well  as  the  hydrogen 
mole  fractions  in  both  stack  inlet  and  outlet,  are  shown.  In  Table  4, 
the  calculated  volume  of  anode  gas  purged,  anode  gas  recirculation 
rate  at  the  anode  inlet,  average  hydrogen  utilization  per  pass,  and 
fraction  of  water  leaving  the  system  as  liquid  water  through  the 
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Table  3 

The  measured  time  average  reactant  dew  point  temperatures  (Tdew)  and  average  hydrogen  mole  fractions  in  anode  loop  before  and  after  a  purge  (y).  The  purge  triggering 
criteria  was  AEtrigger  =  3  mV. 


1  Tdew.cat.in  ("C) 

Tdew.cat 

.in  (°C) 

Tdew.cat. 

OUt(°C) 

Tdew.an 

.in  (°C) 

Tdew.an.i 

SUt(“C) 

yb(-) 

ya(-) 

tp  (ms)  -> 

200 

400 

200 

400 

200 

400 

200 

400 

200 

400 

200 

400 

52 

52.1 

52.0 

64.7 

64.4 

47.6 

48.1 

60.4 

61.4 

0.78 

0.80 

0.85 

0.88 

55 

54.9 

54.9 

64.9 

64.9 

49.5 

49.7 

62.5 

62.9 

0.73 

0.77 

0.79 

0.85 

58 

58.0 

58.0 

65.4 

65.5 

50.3 

51.1 

64.0 

64.1 

0.59 

0.73 

0.65 

0.80 

Table  4 

The  calculated  volume  of  anode  gas  purged  (Vp),  anode  gas  recirculation  rate  at 
anode  inlet  (Qan,in),  average  hydrogen  utilization  per  pass  (®h2 .average),  and  fraction 
of  water  leaving  the  stack  as  liquid  water  on  the  anode  side  (i/'h2o)-  The  purge 
triggering  voltage  drop  was  A£trigger  =  3  mV. 


1  Tdew.cat.ir 

,(°C)  Vp  (dm3 

@  NTP) 

Qan.i„ 

(NLPM) 

^H2, average  (%) 

o 

m 

tp  (ms)  -> 

200 

400 

200 

400 

200 

400 

200 

400 

52 

1.03 

1.88 

112.5 

109.7 

55.8 

55.9 

0.1 

0.3 

55 

0.50 

1.32 

111.5 

110.8 

59.4 

56.9 

3.1 

3.6 

58 

0.26 

0.74 

108.2 

112.4 

70.3 

58.4 

6.5 

7.3 

anode  are  shown.  All  data  presented  in  Tables  3  and  4  are  averaged 
from  the  number  of  successfully  measured  consecutive  purge  cycles 
shown  in  Table  2.  The  anode  gas  recirculation  rate  at  anode  inlet 
presented  in  Table  4  is  determined  as  described  by  Nikiforow  [20]. 

The  hydrogen  flow  rate  profiles  averaged  from  all  successfully 
measured  consecutive  purge  cycles  are  shown  in  Fig.  4.  As  seen  from 
these  figures,  the  higher  the  humidity  level,  the  lower  the  peak  flow 
rate  and  the  longer  it  takes  for  the  flow  rate  to  respond  to  the 
opened  purge  valve.  These  observations  suggest  that  flow  resistance 
increases  significantly  with  increasing  the  humidity  level,  i.e.  with 
increasing  liquid  water  accumulation  in  the  flow  channels.  The 
increased  flow  resistance,  in  turn,  results  in  less  gas  being  purged. 
This  is  seen  in  Fig.  5,  where  the  volume  of  gas  purged  as  a  function 
of  humidity  level  is  shown. 

The  mole  fraction  of  hydrogen  in  the  purged  gas  (yp)  as  a 
function  of  humidity  level  and  rtf/np  as  a  function  of  humidity  level 
and  purged  volume  are  shown  in  Figs.  6  and  7,  respectively.  Fig.  6 
suggests  that  yp  approaches  the  hydrogen  mole  fraction  at  the 
anode  outlet  before  the  purge  (yb.out)  when  increasing  the  hu¬ 
midity  level.  This  is  quite  intuitive  because  when  the  humidity 
level  increases,  the  purged  volume  decreases  (Fig.  5)  and,  thus,  less 
fresh  hydrogen  entering  the  anode  during  purge  reaches  the  purge 
valve.  With  the  increasing  humidity  level  and,  thus,  with  the 


increasing  flow  resistance,  a  condition  is  eventually  encountered 
where  the  fresh  hydrogen  entering  the  anode  during  the  purge 
does  not  reach  the  purge  valve.  In  this  condition,  the  purged  gas 
has  the  same  composition  as  the  anode  outlet  gas  before  the  purge 
(yp  =  yb.out).  the  fuel  efficiency  reaches  its  maximum,  and  the 
fraction  of  fresh  hydrogen  in  the  purged  gas  is  zero.  This  condition 
is  approached,  as  shown  in  Fig.  7a.  Assuming  plug  flow  and  no  back 
flow  from  the  recirculated  gas,  the  volume  of  anode  gas  purged 
equals  the  volume  between  anode  outlet  and  the  purge  valve 
(Fig.  7b). 

When  increasing  the  humidity  level  and  decreasing  the 
purge  time,  measurements  become  increasingly  inaccurate 
because  of  the  unsteady  and  unreliable  behavior  of  the  stack 
under  these  conditions.  This  means  that  while  maintaining  the 
purged  volume  below  the  limit  when  yp  =  yb.out  is  desirable 
from  the  fuel  efficiency  point  of  view  (because  the  maximum 
dilution  of  the  purged  gas  is  achieved),  it  may  result  in  ineffi¬ 
cient  liquid  water  removal.  Thus,  minimizing  the  amount  of 
hydrogen  lost  in  a  purge  might  not  be  the  optimal  solution  for 
system  performance,  especially  if  the  system  is  operated  in  high 
humidity  conditions. 

The  measurements  in  the  current  set-up  show  that  the  fuel  ef¬ 
ficiency  (jjfuei)  does  not  play  a  very  central  role  in  the  total  efficiency 
(Jltotai  =  JJfuei  ■  hstack)  but  instead  the  stack  efficiency  (r/stack). 
dominated  by  the  stack  humidity  level,  is  the  controlling  factor.  The 
efficiencies  are  calculated  as  follows: 

„  nH2  .consumed  /cs 

^fuel  —  ~  jrz:  (b) 

"H2, consumed  3“  '‘H2, purged 


Vstack  ~ 


2F-  Estaci( 
~^h2,lhv 


(6) 


Fig.  4.  The  hydrogen  flow  rate  profiles  averaged  from  all  successfully  measured  consecutive  purge  cycles.  The  cathode  inlet  dew  point  temperature  was  Tdew.cat.in  =  52, 55, 58  °C,  the 
purge  time  was  (a)  tp  =  200  ms  and  (b)  tp  =  400  ms,  and  the  purge  triggering  criteria  was  A£trigger  =  3  mV. 
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Fig.  5.  The  volume  of  anode  gas  purged  (Vp)  as  a  function  of  humidity  level  (Tdew.cat.in). 
The  purge  time  was  tp  =  200,  400  ms  and  the  purge  triggering  criteria  was 
AEtngger  =  3  mV.  The  error  bars  show  the  standard  deviation  of  the  measured  values. 


Fig.  6.  The  hydrogen  mole  fraction  in  the  purged  gas  (yp)  and  the  hydrogen  mole 
fraction  at  the  anode  outlet  before  the  purge  (yb.out)  as  a  function  of  humidity  level 
(Tdew.cat.in)-  The  purge  time  was  tp  =  200, 400  ms  and  the  purge  triggering  criteria  was 
AEtrigger  =  3  mV.  The  error  bars  show  the  standard  deviation  of  the  measured  values. 


Fig.  8.  (a)  The  fuel  efficiency  (rjfuei,  not  including  fuel  cross-over),  (b)  the  stack  effi¬ 
ciency  (77stack,  based  on  the  LHV  of  hydrogen),  and  (c)  the  total  efficiency  (r^totai)  as  a 
function  of  humidity  level  (Tdew.cat.in)-  The  purge  time  was  tp  =  200,  400  ms  and  the 
purge  triggering  criteria  was  AEtrigger  =  3  mV.  The  error  bars  show  the  standard  de¬ 
viation  of  the  measured  values. 


V total  ~  V fuel' V stack  (7) 

As  seen  in  Fig.  8,  the  stack  efficiency  accounts  for  approximately 
0.8%  of  the  increase  in  system  efficiency  when  comparing  humid 
conditions  to  dry  conditions  with  tp  =  400  ms,  while  the  fuel  effi¬ 
ciency  accounts  for  approximately  0.3%  although  the  volume  of 
purged  gas  changed  by  a  factor  of  2.5.  The  highest  system  efficiency 
is  achieved  when  operating  the  system  at  the  highest  humidity 
level,  Tdew,cat,in  =  58  °C.  While  it  can  be  concluded  that  the  purged 
volume  might  not  have  a  prominent  impact  on  the  system  total 


Fig.  7.  The  fraction  of  fresh  hydrogen  in  the  purged  gas  (nf/np)  (a)  as  a  function  of  humidity  level  (Tdew.cat.in)  and  (b)  as  a  function  of  volume  purged  (Vp).  The  purge  time  was 
tp  =  200,  400  ms  and  the  purge  triggering  criteria  was  AEtrjgger  =  3  mV.  The  error  bars  show  the  standard  deviation  of  the  measured  values. 
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Table  5 

The  measured  time  average  reactant  dew  point  temperatures  (Tdew)  and  average  hydrogen  mole  fractions  in  anode  loop  before  and  after  a  purge  (y). 


1  AEtrigger  (mV) 

Tdew.ca 

tin  (°C) 

Tdew.ca 

tout(°C) 

Tdew.ar 

i.in  (°C) 

Tdew.an.c 

,ut  (°Q 

Vb  (— ) 

ya(-) 

Tdew.cat.in 
(°C)/tp  (ms)  -> 

52/200  52/400  55/400 

52/200  52/400  55/400 

52/200  52/400  55/400 

52/200 

52/400  55/400 

52/200 

52/400  55/400 

52/200 

52/400  55/400 

52 

52.1 

52.0 

54.9 

64.7 

64.4 

64.9 

47.6 

48.1 

49.7 

60.4 

61.4 

62.9 

0.78 

0.80 

0.77 

0.85 

0.88 

0.85 

55 

52.1 

52.3 

55.0 

64.5 

65.1 

65.9 

47.6 

48.0 

50.2 

60.7 

60.9 

63.7 

0.66 

0.64 

0.62 

0.78 

0.80 

0.76 

58 

52.0 

52.1 

54.9 

64.8 

64.5 

65.4 

46.1 

46.2 

49.5 

59.5 

59.7 

63.1 

0.56 

0.58 

0.51 

0.70 

0.78 

0.65 

Table  6 

The  calculated  volume  of  anode  gas  purged  (l/p),  anode  gas  recirculation  rate  at  anode  inlet  (Q,ln,m),  average  hydrogen  utilization  per  pass  (<PHj .average),  and  fraction  of  water 
leaving  the  stack  as  liquid  water  on  the  anode  side 


•l  AEtrigger  (mV) 

Vp  (dm3 

@  NTP) 

Qnnjn  (NLPM) 

^H2 , average 

(%) 

^h2o  W 

Tdew.cat.in  (°C)/tp  (ms)  -»■ 

52/200 

52/400 

55/400 

52/200 

52/400 

55/400 

52/200 

52/400 

55/400 

52/200 

52/400 

55/400 

3 

1.03 

1.88 

1.32 

112.5 

109.7 

110.8 

55.8 

55.9 

56.9 

0.1 

0.3 

3.6 

6 

0.81 

1.33 

0.89 

109.9 

111.2 

109.1 

62.5 

61.4 

64.7 

0.4 

0.5 

2.5 

9 

0.75 

1.49 

0.58 

107.8 

107.1 

108.0 

69.0 

65.9 

72.9 

0.0 

0.0 

2.9 

efficiency,  it  is  important  in  fuel  cell  system  exhaust  gas  treatment, 
as  discussed  by  Dehn  et  al.  [2]. 

The  fraction  of  liquid  water  leaving  the  system  through  the 
anode  purge  valve  to  the  total  amount  of  water  leaving  the  system 
(water  entering  +  water  generation)  at  high  humidity  levels  is 
substantial,  as  seen  in  Table  4,  reaching  a  value  of  7.3%  under  the 
most  humid  conditions.  This  should  be  taken  into  account  when 
estimating  the  water  balance  and  sizing  the  cathode  humidifier  in 
similar  system  configurations. 

3.2.  Effect  of  purge  triggering  criteria  on  system  efficiency 

One  of  the  goals  of  this  study  was  to  determine  the  optimum 
trigger  criteria  from  system  efficiency  point  of  view.  However,  as 
discussed  above,  a  very  high  fuel  efficiency  (>99%)  can  easily  be 
reached  even  when  purge  time  and  trigger  voltage  are  not 
optimized. 

The  effect  of  purge  triggering  voltage  drop  on  the  efficiency  and 
the  purged  volume  can  be  studied  using  data  from  measurements 
with  cathode  inlet  dew  point  temperature  Tdew.cat.in  =  52  °C  and 
7dew.cat.in  =  55  °C.  However,  with  Tdew.cat.in  =  55  °C,  data  could  be 


recorded  only  with  the  longer  purge  (tp  =  400  ms).  The  measured 
data  is  shown  in  Tables  5  and  6,  which  are  organized  in  the  same 
way  as  Tables  3  and  4,  respectively. 

Comparing  the  average  hydrogen  flow  rate  profiles  measured 
using  different  purge  triggering  voltage  drops  in  Fig.  9a  and  b,  it  is 
seen  that  the  flow  rate  profiles  with  A£trjgger  =  6  mV  and 
AE trigger  =  9  mV  are  similar  under  dry  conditions  (Tdew.catin  =  52  °C). 
This  is  true  for  measurements  with  both  tp  =  200  ms  and 
tp  =  400  ms.  In  contrast,  under  more  humid  conditions 
(7dew,cat,in  =  55  °C),  increasing  the  A£trigger  (Fig.  9c)  creates  a  similar 
effect  on  the  average  flow  rate  profiles  as  increasing  the  humidity 
level  (Fig.  4).  Since  the  interval  between  purges  increases  with 
increasing  AEtrjgger,  these  observations  suggest  that  the  water 
accumulation  in  the  flow  channels  has  had  time  to  reach  equilibrium 
when  operating  the  system  at  Tdew.cat.in  =  52  °C  and  A£tl-jgger  =  6  mV. 

The  suggested  equilibrium  condition  in  water  accumulation  is 
also  observed  when  comparing  the  stack  efficiencies,  i.e.  stack  volt¬ 
ages,  as  a  function  of  A£trigger  in  Fig.  10b.  The  stack  efficiency  seems  to 
be  constant  in  the  range  A£trigger  =  6—9  mV  in  dry  conditions. 

However,  in  more  humid  conditions,  the  stack  efficiency  is  not 
constant  in  this  range  of  AEtrigger-  In  fact,  the  stack  efficiency  seems 
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Fig.  9.  The  hydrogen  flow  rate  profiles  averaged  from  all  successfully  measured  consecutive  purge  cycles.  The  cathode  inlet  dew  point  temperature  and  the  purge  time  was  (a) 
Tdew, cat, in  =  52  °C,  tp  =  200  ms,  (b)  rdew,cat,in  =  52  °C,  tp  =  400  ms,  (c)  rdew,cat,in  =  55  °C,  tp  =  400  ms,  and  the  purge  triggering  criteria  was  A£trjgger  =  3,  6,  9  mV. 
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Fig.  10.  (a)  The  fuel  efficiency  (7/fuel,  not  including  fuel  cross-over),  (b)  the  stack  effi¬ 
ciency  (ijstack.  based  on  the  LHV  of  hydrogen),  and  (c)  the  total  efficiency  (?jtotai)  as  a 
function  of  purge  triggering  criteria  (A£trigger).  The  purge  time  was  tp  =  200,  400  ms 
and  the  humidity  level  was  Tdew,Cat,in  =  52,  55  °C.  The  error  bars  show  the  standard 
deviation  of  the  measured  values. 

to  increase  in  the  range  AEtrigger  =  6—9  mV.  This  might  be  an 
erroneous  result,  caused  by  the  stack  voltage  being  very  sensitive  to 
the  operating  conditions,  especially  to  the  humidity  level  inside  the 
stack  and  to  the  water  accumulation  in  the  flow  channels,  which 
were  found  to  reach  equilibrium  very  slowly. 

In  all  measurements,  the  stack  efficiency  is  found  to  reach  its 
maximum  at  AEtrigger  =  3  mV  (Fig.  10b),  which  is  expected  because 
the  average  voltage  drop  is  the  smallest  drop  used  in  these  ex¬ 
periments.  Similarly,  in  all  measurements,  the  highest  fuel  effi¬ 
ciency  was  reached  at  AEtrigger  =  9  mV  (Fig.  10a),  which  is  due  the 


Fig.  11.  The  measured  voltage  drop  between  purges  compared  to  the  voltage  drop 
calculated  using  the  measured  hydrogen  mole  fractions  and  the  Nernst  equation.  The 
cathode  inlet  dew  point  temperature  is  Tdew.caOn  =  52,  55,  58  °C,  the  purge  time  is 
tp  =  200,  400  ms,  and  the  purge  triggering  criteria  is  AEtrigger  =  3,  6,  9  mV. 


longest  purge  interval  and  the  smaller  volume  purged.  The  highest 
total  efficiency,  however,  is  reached  at  AEtrigger  =  3  mV  (Fig.  10c), 
implying  that  the  stack  efficiency  through  the  water  balance  is  the 
single  most  important  factor  in  total  efficiency,  as  concluded 
above. 

3.3.  Concentration  polarization  due  to  N2  build-up 

An  important  issue  in  optimizing  the  design  and  operation  of  a 
PEMFC  system  is  to  understand  how  much  voltage  loss  N2  build-up 
is  causing  on  the  anode  side.  In  an  ideal  situation,  the  dilution  is 
homogeneous  throughout  the  stack.  In  practice,  however,  there  will 
be  hydrogen  concentration  gradients  between  the  inlet  and  outlet 
as  well  as  between  the  channel  and  rib  area.  In  addition,  there  will 
be  differences  between  the  channels  and  cells,  as  flow  resistance 
will  be  different  due  to  tolerance  errors  and  water  accumulation 
during  operation. 

Since  the  hydrogen  mole  fraction  at  both  the  anode  inlet  and 
outlet  are  measured,  the  theoretical  voltage  drop  due  to  hydrogen 
dilution  can  be  calculated  using  the  average  hydrogen  mole  fraction 
in  the  Nernst  equation.  The  Nernst  equation  for  a  fuel  cell  using 
hydrogen  as  fuel  is: 

E-EO-glnf-fiiU  (8) 

u  \ph.'p0;  J 

The  voltage  drop  caused  by  concentration  polarization, 
assuming  constant  oxygen  and  water  partial  pressures,  is: 

^Nernst  =  E2  -  E,  =  gin  (9) 

As  seen  in  Fig.  11,  the  voltage  drop  calculated  using  the  Nernst 
equation  is  roughly  half  of  the  measured  voltage  drop  and  seems  to 
be  independent  of  the  humidity  level,  which  indicates  that  the 
water  accumulation  is  not  highly  uneven. 

This  result  suggests  that  the  mass  transport  resistance  for  the 
hydrogen  in  the  gas  diffusion  layer  (GDL)  cannot  be  ignored. 
Therefore,  it  can  be  concluded  that  mathematical  models  [21,22],  in 
which  the  voltage  drop  is  due  to  simple  N2  build-up  and  mass 
transfer  resistance  is  not  taken  into  account,  give  erroneous  esti¬ 
mates  of  the  concentration  polarization. 

4.  Conclusions 

In  this  work,  a  methodology  of  reproducibly  measuring  the  purged 
gas  volume  and  composition  was  verified  and  the  hydrogen  purge  was 
studied  as  a  function  of  humidity,  purge  time  and  purge  triggering 
criteria.  The  results  show  that  the  operating  conditions  (humidity)  are 
a  significant  factor  for  defining  the  optimum  purge  strategy.  Conse¬ 
quently,  in  the  models  for  the  purge  optimization,  water  accumulation 
should  be  taken  into  account  if  the  stack  is  operated  under  such 
conditions  that  water  accumulation  in  the  flow  channels  is  possible. 

It  was  found  that  the  highest  system  efficiency  is  achieved  when 
operating  the  system  under  humid  conditions  and  with  quite  frequent 
purges,  corresponding  to  low  voltage  drop  allowed  between  purges. 

It  could  be  observed  that  operating  the  system  in  humid  con¬ 
ditions,  and  hence  close  to  conditions  where  flooding  occurs, 
makes  the  determination  of  stack  efficiency  challenging  due  to 
unstable  stack  performance  and  long  stabilizing  times.  However, 
this  was  also  the  point  of  highest  system  efficiency. 

The  fuel  efficiency,  and  hence  the  purge  time,  in  turn,  does  not 
affect  the  system  efficiency  very  much,  since  the  impact  of  water 
balance  on  system  efficiency  dominates  over  fuel  efficiency.  Instead, 
it  is  concluded  that  the  purge  time  should  be  justified  to  efficiently 


344 


K.  Nikiforow  et  at.  /  Journal  of  Power  Sources  238  (2013)  336-344 


remove  the  liquid  water  built-up  in  the  flow  channels.  Moreover, 
when  operating  the  system  in  humid  conditions,  the  amount  of 
water  leaving  the  system  as  liquid  through  the  anode  was  found  to  be 
significant,  thus  affecting  the  humidification  of  the  cathode  inlet  air. 

Furthermore,  the  theoretical  concentration  polarization,  calcu¬ 
lated  using  the  average  hydrogen  concentration  in  the  flow  chan¬ 
nels,  was  found  to  be  roughly  half  of  the  measured  polarization, 
indicating  a  significant  mass  transport  resistance  in  GDL.  However, 
the  mass  transport  resistance  was  independent  of  the  humidity 
level  for  the  stack  studied  in  this  work. 

The  results  presented  in  this  paper  using  the  developed  meth¬ 
odology  are  specific  to  the  stack  and  the  system  used  in  this  study. 
In  addition,  only  one  current  density  level  and  air  stoichiometry 
were  studied. 
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